This longitudinal study evaluates the role of impact activity in bone accrual in premenarcheal girls. Twenty-eight gymnasts and 20 controls underwent 1-year analysis; fifteen gymnasts and 8 controls underwent 2-year analysis. Bone mineral density (BMD) was measured yearly by dual energy X-ray absorptiometry. For the 1-year analysis, BMD accrual rates were greater in gymnasts than controls at the forearm only (p < .05). For the 2-year analysis, gains in BMD were 1.5 to 1.9 times greater at the forearm, total hip, and femoral neck for gymnasts (p < .05). These findings confirm the positive effect of impact activity on bone accrual in premenarcheal girls.
Impact activity has been shown to be associated with increased bone mineral density (BMD) in pre-and peripubertal girls. As a result of the large ground-reaction forces generated by the sport (10-15 times body weight [14] ), gymnastics has been used as a model to study the role of impact activity in bone accrual. Crosssectional studies have identified greater BMD in young girls who participate in gymnastics than active controls (4, 7, 9, 12, 18) . Our prior investigation showed a dose-dependent relationship between impact activity and BMD in prepubertal gymnasts, with greater amounts of gymnastics exposure associated with greater total and regional BMD (20) .
Prior 1-year longitudinal studies have identified trends toward increased bone accrual in pre-and peripubertal gymnasts compared with controls, yet significantly greater accrual rates (30-85%) were demonstrated in only one of these reports (1, 5, 17) . In the only study of longer duration, Laing et al. showed greater rates of bone accrual over a 3-year period in a cohort of adolescent female gymnasts compared with age-matched controls (11) . Participants in the latter study, however, were at diverse stages of maturation with over half attaining menarche during the inclusion period. Thus, it is difficult to conclude that impact activity was specifically responsible for the differential rates of bone accrual between groups.
Therefore, the present study was designed to evaluate bone accrual in a distinct maturational group of premenarcheal girls over a 2-year period. We tested the hypothesis that girls who participate in impact activity will accrue bone at a greater rate than girls who do not participate in such activity. Through limitation of maturational variation in this cohort, the likelihood that growth-related bone accrual would confound activity-related bone accrual is decreased.
Materials and Methods

Experimental Participants
Twenty-eight prepubescent female Caucasian gymnasts (7-11 years of age) were enrolled in an ongoing longitudinal study. Twenty control participants matched to the gymnasts for height, weight, and age averages were recruited from local grade schools. Participants were excluded from the present analysis if they had a selfassessed combined Tanner score (Tanner breast stage plus Tanner pubic stage) of 6 or greater or had achieved menarche at any time during the study period. Based on criteria established from a prior cross-sectional analysis of a similar premenarcheal cohort (20) , gymnasts who engaged in less than 6 hours per week (hrs/wk) of training or who discontinued training were also excluded. Institutional review board approval and written informed consent from participants and their parents were obtained before study onset.
Study Design
Dual energy X-ray absorptiometry (DXA) scans were performed, strength and anthropometrics were measured, and pubertal stage was assessed at the time of enrollment (Baseline) and at the completion of Year 1 and Year 2. Gymnastics training was recorded in daily logs and by interview, and calcium intake and general physical activity were assessed at 3-to 6-month intervals.
Measures
BMD measurements. Bone mineral content (BMC), BMD, and body composition were measured by DXA scans (QDR 4500W, Hologic, Inc., Bedford, MA). Total body, forearm, lumbar spine in the anteroposterior plane, total hip, and femoral neck scans were performed using a standardized protocol. The lumbar spine analysis was comprised of vertebral levels L1 through L4. The total hip scan included the femoral neck, trochanteric, and intertrochanteric regions. The middle third of the nondominant radius and ulna, calculated from reference points at the radial styloid and radial head, were analyzed to provide the forearm measurement. All scans were re-analyzed by one of the investigators to ensure consistency. Hologic software (version 9.03D) was used to calculate BMC and BMD, as well as fat-free mass (FFM) and percent fat.
Physical activity assessment. Gymnasts recorded the amount of gymnastics participation (hrs/wk) in daily logs for Year 1. This information was obtained by interview at 3-to 6-month intervals during Year 2. Average hrs/wk were calculated at completion of the study period. Control participants reported organized physical activity participation (hrs/wk) at 3-to 6-month intervals via interview, and averages were calculated at study completion.
Other measures. Standing height was measured without shoes and with hands on hips using a framing square and wall-mounted meter sticks. Weight was determined with an electronic scale (Detecto Scale, Webb City, MO). Pubertal stage was self-assessed using Tanner diagrams of the five pubertal stages of breast and pubic hair development. This method has been previously validated for use in this age group (6) . Breast and pubic-stage scores were summed to create a combined Tanner score. Calcium intake was estimated using a semiquantitative foodfrequency questionnaire, previously validated for this cohort (20) . Questionnaires were administered every 3-to 6-months, and yearly averages were calculated. Muscle strength (elbow flexion, elbow extension, and grip), and endurance (number of sit-ups in 1 min) were measured as previously described (20) .
Statistical analysis. BMD was analyzed at Baseline, and absolute BMD gains were evaluated over both a 1-year period (Baseline to Year 1) and a 2-year period (Baseline to Year 2). Between-and within-group differences were assessed for the outcome variables for both analysis periods using repeated measures analysis of variance (ANOVA). Between-group differences were assessed at Baseline, Year 1, and Year 2 using ANOVA. The percentage change in BMD over both the 1-and 2-year periods was calculated with respect to baseline values and analyzed for between-group differences using ANOVA. Unpaired t tests were used to compare the baseline characteristics of participants included in the 2-year analysis with participants who were excluded after the 1-year analysis. Covariate analysis (ANCOVA) was used to test FFM, Tanner stage, height, weight, age, strength, and calcium intake for significant effects. Between-group differences in calcium intake, strength, and endurance were assessed at Baseline, Year 1, and Year 2 using ANOVA. The relationships between BMD and calcium intake, strength, and endurance were examined using correlation analysis. Data were analyzed using Statview 5 (Abacus Concepts, Berkeley, CA) with a significance level of .05. Mean values and standard deviations are reported in the results.
Sample-size calculations were based on mean gains in BMD for fixed-effects ANOVA with two factor levels. A minimum of 7 participants was required for 80% power to detect between-group differences of .05 g/cm 2 with a .03 standard deviation at .05 significance.
Results
Twenty-eight premenarcheal gymnasts and 20 premenarcheal controls (mean enrollment age 10.5 ± 1.1 years, 10.0 ± 0.7 years, respectively) were included in the 1-year analysis. Fifteen gymnasts and 8 controls (mean enrollment age 9.6 ± 1.2 years, 10.1 ± 0.4 years, respectively) were included in the 2-year longitudinal analysis. Participants were withdrawn from the analyses if they failed to report for scheduled measurement sessions, relocated out of the area, or failed to meet inclusion criteria ( Figure 1 ). There were no significant differences in controls who were included in the 2-year analysis vs. those who were excluded after the 1-year analysis. Gymnasts who were excluded following the 1-year analysis, however, were taller, heavier, more mature by Tanner self-staging, chronologically older, and had higher FFM and lower percent fat than gymnasts who were included in the 2-year analysis.
The gymnasts included in the 1-year analysis practiced 11.3 ± 2.7 hrs/wk (range 6.0-16.6 hrs/wk) during the study year (Table 1) . They were older at Year 1 but were not significantly different from controls for Tanner score, height, weight, or FFM at Baseline or Year 1. Gymnasts had higher BMD than controls at all sites at both Baseline and Year 1 ( Table 2) . Gymnasts demonstrated significantly greater bone accrual compared with controls at the forearm only over the 1-year analysis period. A trend toward greater accrual rates at the lumbar spine, total hip, and femoral neck was present in gymnasts compared with controls. A trend toward greater percentage changes in gymnasts compared with controls was also observed in forearm and femoral neck BMD expressed with respect to baseline values (5.7 ± 3.6% vs. 3.8 ± 3.5% and 6.5 ± 4.6% vs. 5.5 ± 4.6% for the forearm and femoral neck, respectively).
Gymnasts included in the 2-year analysis trained an average of 10.4 ± 4.1 hrs/wk (range 4.3-16.6 hrs/wk) during the first year of the study, 13.7 ± 3.5 hrs/wk (range 6.2-20.1 hrs/wk) during the second year of the study, and averaged 12.0 ± 3.5 hrs/wk (range 5.8-16.9 hrs/wk) over the 2-year period (Table 3 ). They were Note. FFM = fat-free mass; combined Tanner score is sum of breast and pubic self-stages. *Significantly different from controls (p < .05).
not significantly different than controls for age, Tanner score, weight, or FFM at any measurement time. Although not significantly different at Baseline, the gymnasts were shorter than the controls at both Year 1 and Year 2. Two-year longitudinal gains in BMD were significantly greater at the forearm, total hip, and femoral neck for gymnasts compared with controls ( Table 4 ). The percentage change in BMD, expressed with respect to baseline values, was also significantly greater in gymnasts than in controls at the forearm, total hip, and femoral neck (12.0 ± 5.8% vs. 6.5 ± 3.0%, 17.9 ± 5.8% vs. 11.6 ± 8.8%, and 14.2 ± 6.8% vs. 7.5 ± 4.9% for the forearm, total hip, and femoral neck, respectively). A plot depicting the yearly changes in forearm BMD for this cohort demonstrates the differential accrual rates seen in gymnasts vs. controls (Figure 2) .
Controls included in the 1-year analysis averaged 0.9 ± 1.5 hrs/wk (range, 0-6.8 hrs/wk) of organized physical activity. Those in the 2-year analysis averaged 0.8 ± 1.3 hrs/wk (range, 0-4.0 hrs/wk) of organized physical activity during the first year and 1.1 ± 1.7 hrs/wk (range, 0-5.5 hrs/wk) during the second year. Additionally, all controls and gymnasts (except for one gymnast who was homeschooled) participated in school physical education classes in accordance with state curriculum guidelines (~1.5 hrs/wk).
For the 1-year analysis, gymnasts were stronger than controls for each measure at Baseline but only for elbow flexion and sit-ups at Year 1. At Baseline, Note. FFM = fat-free mass; combined Tanner score is sum of breast and pubic self-stages. *Significantly different from controls (p< .05). significant correlations were strongest between strength measures and forearm BMD (r = .61-.69) but were also moderately high at the other BMD sites (r = .41-.64). At Year 1, significant but weaker correlations (r = .35-.58) were identified between BMD at all sites and strength measures, except sit-ups, which only correlated significantly with BMD at total body, forearm, and lumbar spine. For the 2-year analysis, gymnasts tended to be stronger than controls for all measures at Baseline but were only significantly stronger for sit-ups. At Year 2, no significant strength differences existed between groups. At Baseline, all BMD sites correlated significantly with all strength measures (r = .40-.75) except sit-ups, which did not significantly correlate with BMD at either lumbar spine or total hip. At Year 2, grip strength continued to correlate strongly with BMD at all sites (r = .50-0.68). The only other significant correlations were found between elbow extension and BMD at total body, forearm, lumbar spine, and total hip (r = .44-.55) and between elbow flexion and BMD at total body, forearm, and lumbar spine (r = .44-.52).
Calcium intake did not differ between gymnasts and controls in either the 1-year or 2-year analysis. No correlations were found between calcium intake and BMD in the 1-year analysis. In the 2-year analysis, significant correlations were identified only between calcium intake and total body BMD at Baseline and between calcium intake and BMD at the lumbar spine and femoral neck at Year 1 (r = .48-.60).
Discussion
We have demonstrated that substantial increases in bone accrual are associated with modest amounts of impact activity over a 2-year period in a premenarcheal female population. Both accrual rates and percentage changes in BMD at the forearm, total hip, and femoral neck of premenarcheal gymnasts were 1.5 to 1.9 times greater than that of normally active controls over a 2-year period. By limiting the cohort to a single maturational group, we were able to isolate activity-related bone accrual from growth-related bone accrual more accurately. Furthermore, whereas greater accrual rates compared with controls have been previously reported in gymnasts training more than 15 hrs/wk (1, 11, 17) , the gains noted here were in a cohort participating in an average of only 12.1 hrs/wk of impact activity.
The results of our 1-year analysis parallel the BMD gains previously measured in pre-and peripubertal female gymnasts. When viewed as a percentage change, BMD gains at the femoral neck and forearm tended to be 1.2 to 1.5 times greater for gymnasts who averaged 11.3 hrs/wk of participation than for controls. Similarly, Nickols-Richardson et al. identified 1.14 to 1.65 times greater percentage gains in gymnasts who averaged 15.7 hrs/wk of participation, and Courteix et al. identified 1.2 to 1.3 times greater percentage gains in gymnasts practicing for 12-15 hrs/wk, though neither of these findings were significant (5,17). Alternatively, when viewed as raw data, the annual gains in regional BMD for the current study were 1.04-1.71 times greater for gymnasts than controls. Bass et al. similarly demonstrated 1.30-1.85 times greater significant annual gains in areal BMD associated with 15-36 hrs/wk of gymnastics training (1).
Short-term interventional studies in pre-and peripubertal children have shown greater regional and total BMD accrual with increased impact activity (10-30 min 3 times per week). These 7-to 10-month trials have demonstrated 1.3-2.1 times greater percentage gains in BMD in the interventional cohort (8, 13, 15) , a difference comparable with that noted in the present study. One study showed percentage gains over 10 months that were 2.3-to 6-fold greater for the interventional group compared with controls in an older, more mature cohort than that reported here or in other interventional studies (16) .
Our 2-year analysis showed a substantial cumulative benefit of continued participation in impact activity during the premenarcheal years. These findings are similar to those of Laing et al., the only other longitudinal comparison of greater than a 1-year duration of which we are aware (11) . Those authors identified greater gains in total body, total proximal femur, and trochanteric BMD over a 3-year period in gymnasts averaging 11.7-17.9 hrs/wk of practice than in controls. Direct comparisons with our study cannot be made, however, because their participants demonstrated wide variation in sexual maturation, ranging from Tanner stage 2 through 5 at both breast and pubic sites at the time of the 3-year analysis. Additionally, half the cohort reached menarche during the course of their study. In contrast, we attempted to minimize the confounding effects of maturation on bone accrual by including only girls who remained premenarcheal and had a combined Tanner score less than 6 (breast and/or pubic Tanner stage less than 3) at the time of the 2-year analysis. We identified 1.5-1.9 times greater bone accrual rates in association with impact activity in this purely premenarcheal cohort.
Based on exclusion criteria and failure to complete study measurements, 18 gymnasts and 12 controls were included in the 1-year analysis but not in the 2-year analysis. At baseline, gymnasts who were later excluded were significantly older, more mature, taller, heavier, and had greater lean mass and lower percent fat than gymnasts who were included in the 2-year analysis. There were no significant differences among groups of controls. Because bone accrual correlates in a positive fashion with chronologic age, maturational status, height, weight, and lean mass, it is likely that inclusion of this group of excluded participants in the 2-year analysis would have demonstrated even greater increases in bone accrual for the gymnasts vs. the controls.
Because strength, calcium intake, and age are important covariates of BMD, we carefully examined these factors for potentially confounding effects in this study. Although the gymnasts in the present study were significantly stronger than controls at Baseline of the 1-year analysis, no significant between-group differences existed by the end of the 2-year analysis. Similarly, there were strong correlations between BMD and strength at Baseline, but these relationships gradually decreased over the 2-year course of the study. Calcium intake did not differ between the groups at any time, and correlations were found only at isolated sites in the 2-year analysis. Additionally, neither strength nor calcium intake were significant covariates of regional or total BMD. Although gymnasts were older than controls at Year 1 in the 1-year analysis, they were not more mature by Tanner score, which is a stronger predictor of BMD (2). Neither age nor Tanner score varied between the groups in the 2-year analysis. Therefore, in this study, strength, calcium intake, and age did not likely confound the influence of impact activity on BMD accrual rates.
Since DXA measures areal (g/cm 2 ) and not volumetric (g/cm 3 ) BMD, increases in BMD during growth might reflect changes in bone geometry and/or volumetric density. Therefore, to estimate the volumetric density, bone mineral apparent density (BMAD, g/cm 3 ) can be calculated (3, 10) . This type of calculation requires accurate measurement of area, which is more readily obtained by pencilbeam geometry scanners. Fan-beam-array mode scanners, such as the one used in our study, introduce magnification errors in areal measures that require calibration and correction to obtain true area (19) . As a result of this limitation, BMAD could not be accurately evaluated, and the separate effects of gymnastics training on volumetric and geometric growth could not be differentiated. Nevertheless, areal BMD is an effective measure of overall bone accumulation and is used here to examine the osteogenic effects of impact activity.
Although exclusion criteria established a premenarcheal cohort, gymnasts tended to be slightly less mature than controls for both the 1-year and 2-year analyses. Thus, the controls were likely nearer to peak height velocity and, therefore, to peak bone mineral accrual than the gymnasts. As a result, growth-related bone accrual might have caused an underestimation of impact-related bone accrual in this cohort. The positive effects of impact activity on bone accrual will likely become even more apparent as gymnasts reach a maturational stage comparable with that of controls. Consequently, with further longitudinal study, significant increases in bone accrual might also be identified at the lumbar spine and total body.
In conclusion, this 2-year analysis strongly demonstrates the cumulative effect of impact activity on bone accrual in a premenarcheal population. Whereas the positive effect of impact activity has been previously demonstrated in similar populations for periods of up to 1 year, this study is the first to identify increased accrual at multiple sites for longer than a 1-year period. Additional study of this cohort is necessary to determine whether these changes persist throughout the growing years, thereby leading to a higher peak bone mass at maturity.
